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We use the density functional theory and x-ray and neutron diffraction to investigate the crystal
structures and reaction mechanisms of intermediate phases likely to be involved in decomposition
of the potential hydrogen storage material LiAlH-irst, we explore the decomposition mechanism

of monoclinic LiAIH, into monoclinic LsAIH ¢ plus face-centered cubifcc) Al and hydrogen. We

find that this reaction proceeds through a five-step mechanism with an overall activation barrier of
36.9 kcal/mol. The simulated x ray and neutron diffraction patterns from LjAlktl LiAlH g agree

well with experimental data. On the other hand, the alternative decomposition of Liistd
LiAIH, plus H, is predicted to be unstable with respect to that througiAlHg. Next, we
investigate thermal decomposition o§RiIH g into fcc LiH plus Al and hydrogen, occurring through

a four-step mechanism with an activation barrier of 17.4 kcal/mol for the rate-limiting step. In the
first and second steps, two Li atoms accept two H atoms fromy AdHform the stable Li-H-Li-H
complex. Then, two sequentiabHesorption steps are followed, which eventually result in fcc LiH
plus fcc Al and hydrogen: LAIH g(monoclinic)— 3 LiH(fcc)+ Al (fcc) + 3/2 H, is endothermic by

15.8 kcal/mol. The dissociation energy of 15.8 kcal/mol per formula unit compares to experimental
enthalpies in the range of 9.8—23.9 kcal/mol. Finally, we explore thermal decomposition of LiH,
LiH (s)+ Al(s)— LiAl (s)+ 3H,(g) is endothermic by 4.6 kcal/mol. The B32 phase, which we predict
as the lowest energy structure for LiAl, shows covalent bond characters in the Al-Al direction.
Additionally, we determine that transformation of LiH plus Al into LiAIH is unstable with respect

to transformation of LiH through LiAl. ©2004 American Institute of Physics.

[DOI: 10.1063/1.1795731

I. INTRODUCTION control its accompanying high pressu#s0 bar$ for this
There is great interest in the development of small Iight_compressed gas exceeds that for gasoline-powered vehicles.

weight hydrogen storage methdddor automotive applica- To rgduce this prqblgm, among the alternatives commercially
tions. Hydrogen fuel, which can be readily produced from"’w"""""ble today, liquid hydrogen has a good potential of be-

renewable energy sources, contains at least three times Iargce(?m'ng the hydrogen fuel for v%hlcle transport in that it has

chemical energy per mas42 MJ kg %) than any chemical a high mass densi’t)_/(YO.S kgm?3) and is als_o relatively
fuel, thus making a hydrogen fuel cell an attractive alternaSafe- However, despite these advantages, to liquefy hydrogen
tive to an internal combustion engine for transportation. OrfS COSt-éxpensive and requires an intensive cryogenic process
the other hand, the problem is how to store it in a smalfor cooling due to a very low condensation temperature
lightweight container. The small lightweight hydrogen stor-(—252°C at 1 barof hydrogen. The additional issue is that
age method may also find its use in a fuel cell system athe heat transfer through modern available containers for lig-
energy carrier for a portable electronic device. uid hydrogen can result in loss of up to 40% of the energy
A hydrogen fuel cell car needs to store at least 4 kgcontent in hydrogeAA large container has a smaller surface-
hydrogen to match the range of a gasoline-powered Tar. to-volume ratio than a small container, thus it is better in
store this amount of hydrogen as hydrogen gas at room tenfeducing heat transfer. However, the condition that a larger
perature and atmospheric pressure requires such a large vblydrogen storage container is better for reducing heat trans-
ume corresponding to a balloon with a 4.5 m diameter that ig§er sets a crucial limit to the development of a small hydro-
hardly a practical volume for automotive applications, whilegen storage container for liquid hydrogen. Due to these cost-
a carbon-fiber reinforced high-strength steel contdican  expensive processes and geometric limitation, there has been
fill up as a compressed gas with slightly less than a 60 crmecently more interest in storing hydrogen on solid state ma-
diameter. However, the problem is that the associated risk tterials such as advanced carbons and light weight metals in-
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stead of liquid hydrogen. Dilloret al* reported that 6-8 namic and kinetic parameters of removing hydrogen from
mass % reversible hydrogen was stored in single-walledhem and adding hydrogen to them. In addition there remain
nanotubegSWNT9. However, controversial resuft&have uncertainties about thermal behaviors of crystal structures,
been published concerning true hydrogen storage capacity @tomic configurations, and electronic structures for various
advanced carbons. Hirscher and co-workengued against intermediate phases likely to be involved in hydrogen stor-
the report of Dillonet al. by showing that titanium hydrides age as the temperature changes. Thus we initiated a series of
in the SWNT stored large amounts of hydrogen, but hydrofirst-principles density functional thedry* calculations to

gen storage capacity on SWNT itself was less than 1 mass %etermine the temperature-induced decomposition mecha-
Likewise, Chenet al® also showed that the increase in hy- nisms, and thermodynamic and kinetic parameters of various
drogen storage capacity by alkaline metal-doped carbon NTigtermediate phases for hydrogen storage in LiAlHhese

was attributed to formation of metal hydrides. Although results are reported here in Sec. Ill. Section Il provides some
these results are not confirmative, putting all these resultdetails about the calculations while Sec. IV summarizes our
together one could say that the adsorbed reversible hydrogéasults and discusses points that remain to be clarified.

on tubular forms of carbon is still not satisfying the United
States Department of Ener¢p OF) target of 6.5 mass % set
for automotive applications.

The promising alternative for hydrogen storage is a  aj calculations are performed using the PW@Ref. 15
metal hydride system. Metal is capable of absorbing largg,q kKMmLYP (Ref. 16 methods. The Li and Al atoms are
amounts of hydrogen while releasing heat as it is filled withjescribed using non-local norm-conserving Vanderbilt scalar
hydrogen under a moderate pressure and then releases hy?g%eudopotentia% to replace the & electrons of Li and the
gen as reducing the pressure or supplying the heat it need§e core of Al. The set ok points used to expand the mo-
However, there are considerable challenges to meet the rgscylar wave function is based on the Monkhorst-Pack
quirements for vehicular applications, which includ®r in-  schemé?® To overcome problems associated with finite
creasing the maximum weight percent of reversibly adsorbeq;i_pomt sampling in metallic systems, we use the thermal
hydrogen to 6.5% mor&(2) increasing the maximum hydro- proadening scher®of Gillan with broadening energies of
gen capacity per volume to 62 kgrhmore® and (3) im- 2 ev
proving the rate for adsorption/desorption to peak consump-  we use a plane-wave basis, but truncated to include only
tion of 1-3 gs*.” These are all important, but no metal plane waves having kinetic energie®270 eV. To test the
hydride system has been found to meet all these demandgdequacy of using this cutoff we first consider the B32
There are many reaction steps that may hinder kinetically @pace groug=d-3m) structure for LiAl and perform the
metal hydride system to reach its thermodynamic equilibtotal energy calculations using the 988@oints correspond-
rium of hydrogen storage within a reasonable time. For exing to the 270 eV cutoff energy and the 37 6Klpoints
ample, although magnesium-based metal hydrides can stoggrresponding to a 300 eV cutoff energy. The total energies
up to 7.6 mass % hydrogérthey exhibit kinetics too slow per formula unit differ by only 0.6 kcal/mol. Likewise, for
for practical applications. Consequently, it is currently essenfcc Al the difference between energies obtained with these
tial to find materials exhibiting high volumetric/gravimetric two cutoff energies is<0.2 kcal/mol. These results suggest
hydrogen capacity in combination with enhanced kinetics athat the 270 eV cutoff energy is somehow optimal in terms of
modest temperatures. being able to reduce significantly the considerably expensive

One system of technological interest is the LiAlBYys-  computational cost and also to reproduce well total energies
tem. The maximum available weight percentage and the hyfor the systems of Li and Al elements upon using much
drogen capacity per volume are 10.6 wt. % and 96 kg m larger cutoff energies. Consequently, we use a cutoff energy
respectively. Chenet al® recently showed that titanium of 270 eV for all of the calculations reported herein.
chloride-doped LiAIH lowered the decomposition tempera- Unless otherwise noted all energies are corrected for the
ture of LiAlH4, which resulted from the enhanced kinetics zero-point energyZPE), which are calculated at the geom-
for a dehydriding cycle. Thus development of catalysts foretries obtained through full optimization. All electronic
the enhanced kinetics of LiAlHis very attractive since it structure calculations for optimizing geometries are per-
can eliminate the need for high temperature and high preformed with thecasTeP (Ref. 20 program while vibration
sure previously required for the rehydriding/dehydridingfrequencies are obtained using thieo13 (Ref. 21) program
cycle. using the DN(DN—double-numerig quality basis set. On

Vajeeston and other co-worké?s! have recently stud- the other hand, to determine the activation barriers for de-
ied a detailed high-pressure-induced transformation otomposition of LiAlH, and LkAlHg we perform geometry
LiAIH , and LiAlHg using theab initio project plane-wave optimizations and frequency calculations using tess-
method'? At 33.8 GPa, they predicted that the phase transitAN0o4 packageé? where the electronic wave functions are
tion from monoclinic LiAlH, to orthorhombic LiAlH, can  expanded using the 6-31(d,p) (Ref. 23 diffuse double-
occur, while L5AIH g stabilizes in space grouR-3 at ambi-  zeta plus polarization basis set. In addition x-ray diffraction
ent pressure. However, despite these detailed studies and ti¢RD) (Ref. 24 using a Cu radiation of 1.542 A and neutron
promise of lithium aluminum hydride systems, there remaindiffraction (ND) (Ref. 29 using a neutron source of 1.555 A
still considerable challenges in optimizing these systemsare simulated to obtaid spacing, 2, and intensities fohkl
which are impeded by the uncertainties about thermodyreflections.

Il. COMPUTATIONAL DETAILS
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TABLE |. Summary of reaction energies per formula unit from this work
and experiments.

This work Experiment

Reaction (kcal/mo)  (kcal/mol)
Thermal decompostion of monoclinic LiAIH
LiAIH ,22—1/3LizAlH 6>+ 2/3A1¢+H,¢ 14.1(6.9) 6.6¢
LIAIH ;22— LiAIH ,5+H,¢ 17.4
Thermal decomposition of monoclinic 4AlH g
LisAlH g°—3LiH +AI*+3/2H,] 15.8 9.8, 23.9"
LisAlH g°+2AI°—3LIAIH 9+3/2H,¢ 57.2
Thermal decomposition of LiH
LiH -+ AI°SLIAl P+ 1/2H,4 4.6
LiH+AlI*—LiAIH 9 13.8

Monoclinic phase of space group2,/c (No. 14 used and zero-point
corrections is 20.10 kcal/mol.

PMonoaclinic phase of space grolg2/m (No. 12 used and zero-point cor-
rections is 32.19 kcal/mol.

‘Face-centered cubic lattice used and zero-point corrections is 0.66 kc
mol.

dZero-point corrections of 6.24 kcal/mol.

€Triclinic phase used.

fFace-centered-cubic lattice structure used.

9Triclinic phase and no zero-point corrections used. This phase is a modifie

structure of B32 LiAl.

"B32 structure(space group No. 237and zero-point corrections of 1.22
“kcal/mol used.

'Reaction energy calculated without zero-point and thermal corrections.
IGibbs free energy change estimated at 298 K.

Gibbs free energy change at 298 K from Ref. 31.

'Enthalpy change from 373.15 K to 448.15 K from Ref. 9.

Ill. RESULTS AND DISCUSSION

We calculate the structures and energies for a number

alternative crystal structures for each compound: LiAl,

LIAIH ,, LizAlHg, LIAIH,, LiAIH, LiH, and Al. In each

Hydrogen storage in LIAIH, 10625

A. LiAl

First, we perform full optimizations to determine the
crystal structures for six different LiAl phases, namely, the
Fd-3m (B32, Pm-3m (B2), P4mmm(L1l,), Pnma
(B27), P6;mc (B4), and P2, /c space group types, where
B32, B2, L1,, B27, and B4 represent “Pearson” symbols.
EPAPS(Ref. 26 (see Table )l summarizes their predicted
lattice parameters, atomic positions, and energies per for-
mula unit. We find that the lowest energy structure for LiAl
is higher for the B32 phase, with the § phase 9.8 kcal/mol,
the B27 phase 13.4 kcal/mol, the monoclinRZ; /c) phase
16.4 kcal/mol, the B2 phase 19.8 kcal/mol, and the B4 phase
38.7 kcal/mol.

B32 is a NaTl type structure based on a body-centered-
cubic (bco) lattice as shown in Fig. (&), but in which each
AI has four Al neighbors tetrahedrally coordinated and four
aL neighbors also tetrahedrally coordinated. In addition each
Li has the same environment. We find that the Al-Al bond
charge(see Fig. 2 is more localized in the Al-Al direction,
§uggesting covalent Al-A(2.70 A) bonds, but there is a
uniform electron density in the Li-Li and Al-Li direction,
suggesting metallic bonding. Thus one can visualize the B32
structure as a mixture of covalent bonding for the Al-Al
bonds and of metallic bonding in the Li-Li direction. The
Al-Al distance here of 2.70 A is shorter than 2.82 A for the
bulk metal fcc Al, suggesting stronger bonding between Al
atoms than that for fcc Al. Our calculated equilibrium lattice
of 6.23 A compares with the experimental re$uttf 6.36 A.

The difference between theory and experiment is attributed
to thermal expansion of lattice at an experimental tempera-
afire.

Figure Xb) shows the B2 structure, which is a CsCl type
structure with a simple bcc lattice with each Al coordinated

case we use a supercell to allow the structure to adopt unexe eight Li and each Li coordinated to eight Al. The eight

pected structures.

GOG
Q
GOQ

g

(C))

«
&
(e)

Downloaded 23 Nov 2004 to 143.248.114.35. Redistribution subject to Al
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© FIG. 1. Optimized structures for six different LiAl

phases: (@) Fd-3m (B32), (b) Pm-3m (B2), (c)
P4/mmm(L1,), (d) Pnma (B27), (e) P6;mc (B4),
and(f) P2, /c space group types. Li atoms are shown in
gray while Al atoms are shown in dark gray.
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The Al-Al distances of 2.54 A shows more strong Al-Al
bond characters in this orthorhombic phase than B32, but the
bond angles of 101.4° for Al-Al-Al indicates that they are
somehow in angular distortions. In addition the Al-Li dis-
tances of 2.82 A to 2.91 A compare to the 3.02 A for fcc Li.

P6smc LiAl is a ZnO type structure based on a hexago-
nal lattice as shown Fig.(&) in which alternating Al and Li
atoms are coordinated to form a complete hexagonal cyclic
ring as in the case of graphite. The Al-Li bond distance on
the basal plane is 2.88 A while the bond distance between Li
and Al (two) along thec-axis direction is 2.49 A. In addition
the bond angle for Li-Al-Li, where two Li and one Al are on
the basal plane, is 120.0° while the other bond angle for
Li-Al-Li, where one Li and one Al are on the basal plane and
the other Li atom is along theaxis, is 90.0°. This structure,
which belongs to space group of No. 186, has predicted lat-
tice parameters

a=b=4.99 A, c=4.98 A

FIG. 2. The charge density distribution for B32 LiAl, where was created with a==90.0°, y=120.0°.

\;thé?nzn;;rseozl;\g\?vieir\:a\lll\/uh?tgf 0.18. Li atoms are shown in dark gray while Al-r o - e details for atomic positions are also given in

EPAPS(see Table)L

Figure Xf) shows theP2,/c LiAl structure based on a

monoclinic lattice. Each Al is coordinated to the first nearest
distances of 2.67 A shorter than the 2.70 A for Al-Li bondsfour Li and to the second nearest four Al. However, some
of B32. On the other hand, the Al-Al distances of 3.09 A to amounts of bond and angular distortions under this symme-
the six second-nearest neighboring Al atoms are much largery make it impossible to form a complete tetrahedral coor-
than the 2.70 A for the B32 structure or the 2.82 A for fcc Al. dination. Our calculated lattice parameters are given,
The density for the B2 phase is higher than that for B32
LiAl. These results suggest the following simple picture for a=450 A, b=725 A, c=7.90 A
the bonding in the B2 structure. The Al atoms in the B2 with a=7y=90.0°, B=138.0°.
structure would like to form stronger bonds by coming closer . . . . L
together, but the pressure of the electrons provided by the L,?\tomlc_: pos_ltlons for Al and Li atoms n the primitive cell are
atoms counteracts this tendency. Upon applying sufficieni?IISO given In Table | on EPAPS. We find that the Al-Al bonds
pressure, the Al-Al bonding becomes sufficiently strong tohav_e significantly el_ongated bond Iengtohs of ?"2._4'1 Aand
make the B2 structure the most stable. We find that abovgq_elr bond angles d|storted_from 109.5° also indicate a cer-
15.0 G bars the B2 structure is more stable than B32, whicffin amount of angular strain.
compares to the theoretical estimate of 1.4 G bars by Guo,
Podloucky, and Freemdfi.At this phase transition we find
that the lattice parameter decreases by 6.8%. B. LIAIH ,

L1, is @ CuAu type structure based on fcc lattice as LiAIH 4 consist of AlH, anions(the H atoms are tetra-

shown in Fig. 1c). Each Al has four nearest neighbors Al hedrally coordinated around the Al atprapaced by Lt
atoms in a plane plus eight Li atoms out of this plane. The

, counter ions. Recently Hauback, Brinks, and Fjajfsro-
Al-Al distances of 2.75 A are shorter than the 2.82 A for fcc : " oo
osed atomic positional parameters for monoclinic LipID
Al, but slightly >2.70 A for the B32 structure. Thus we pos Ic post P > inic Lig

: . space groug®24/c) using combined synchrotron x-ray and
consider that the AI'.AI bond is weaker than the tetrahedraLeutmn diffraction. Their proposed lattice parameters at 295
bond for B32. In addition the plane arrangement of Al atom

in L1, is less favorable for thep® hybrids needed to form are

localized covalent bonds in the B32 structure. a=48 A, b=78 A, c=79 A
Figure 1d) shows the optimized geometries fBnma . B o _ o B R

LiAl. This phase is based on an orthorhombic lattice in with @=90.0°,  f=112.3%, y=90.0°.

which each Al is coordinated to the first nearest two Al at-This value compares to the other x-ray experimental result

oms, the second nearest two Li atoms, and the third nearegbtained from monoclinic LiAlj by Chenet al,? which

five Li atoms. This structuréspace group of No. 64s pre-  was identified by comparing their x-relyk| reflections to

dicted to have the lattice parameters JCPDS files(12-473 from JCDD (International Center for

Diffraction Datg:

a=953 A, b=394 A, c=4.26 A a=48 A, b=79 A c=7.9 A

with a=8=y=90.0°. with @=90.0°, B=111.5°, »=90.0°.
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FIG. 3. Optimized structures for six different LIAJH
phases: (@) Fd-3m (B32), (b) Pm-3m (B2), (c)
P4/mmm(L1,), (d) Pnma (B27), (e) P6;mc (B4),
and(f) P2, /c types. Li and H atoms in gray are shown

‘ ¢ in large and small sphares, respectively, while Al atoms
¢ are shown in dark gray.
s w L

) (e) ®

¢

However, the atomic positional parameters and structural stand the volume density of 0.905 gcm The predicted
bilities for other phases of LiAlihave not been known yet. atomic positions for this optimized structure are given in
Thus we determine atomic positions and energetics for variEPAPS(Table 1), where each Al has the nearest four H in a
ous phases of LAl through full optimizations of geom- tetrahedral coordination to form AJHwith the Al-H bond
etries. In addition XRD and neutron diffraction peaks arelengths of 1.61 A and the Li-H bond lengths of 1.94 A. On
simulated at these optimized structures of LiAlkb com-  the other hand, we find that the simulated XRD and ND from

pare with experimental results. this B32 phase disagree with the experimentakl
As an initial guess for the structure of LiAjHve modi-  eflections®2?
fied the B32 LiAl type structure as shown in Figlagin Next, we determine the atomic positions for the B2

which each Al is replaced with an AlHunit. The full geom- | jal4 , phasedsee Fig. 8)], but find that it does not repro-
etry optimization for this structure leads to lattice param-q o experimentaik| reflections. Thus we search for other
eters: structure types for LiAlH to find the structure consistent

a=811 A, b=811 A, c=8.11 A, with the experimentahk| reflections. We find that the simu-

. o . . lated XRD and NOsee Figs. @) and 4b)] from monoclinic
with «=90.0°, B=90.0°, y=90.0°. LiAIH , of space grougP2, /c, agree well with the experi-
These predicted lattice parameters and volume density aghental patterns. As the geometry for simulatimigl reflec-

0.947 gcm® compare to the experimental lattice parametersions, we use the structure fully optimized using a supercell

2 2
1 3
100 | 0 100 | 0
2
80 _| i 80 _|
H p H
t 60 : £ 60 :o Lo
: : E i3
y O % : v . .
: ; ; 2 gz : :zz o 2 o 2 2 ; 2
1 1,0 | 1 i l 02,9 a2 30 1 % 203 21 . ] 32
1 1 \ 3 23 1 0 11 i °
° ______.L_JxJ. L.k.y'ﬂd].'\~_. LAJ‘.IJMU“ Ak ° -_____.L_L_)wi,ﬂ,‘___.,u U" Ui M
1 15 20 28 38 3¢ 40 ol 1 15 26 23 3b 38 40 13
Diffraction Angle Diffraction Angle
(a) (b)

FIG. 4. Simulated x-ray diffraction and neutron diffraction fr&¥8, /c LiAIH , using a Cu radiation of 1.542 A and a neutron source of 1.555 A, respectively:
(a) XRD and(b) ND. Diffraction angles are 2values.
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(a) () ©

FIG. 5. Optimized structures for §AlH s phases of three different symmetriéa; P2, /m (No. 11), (b) P2/m (No. 12, and(c) R-3 (No. 148 types. Li and
H atoms in gray are in large and small spheres, respectively, while Al atoms are shown in dark gray.

twice as large as the size for the primitive cell. The strongesthan that forP2, /c LIAIH 4. In addition the simulated XRD
XRD peak is(210 and the ratio to the second strongest peakand ND patterns from this structure are not consistent with
is 1(21-2)1(210)=89.03%, while the third strongest peak experimental results.

leads tol (012)/1(210)=63.93%, as shown in EPARSable Finally, we calculate the atomic positions for H, Li, and
lN). Likewise, the more details from simulated powder neu-A| atoms in the hexagonal structufsee Fig. 8)], and the
tron diffraction, includingd spacing, neutron & and inten-  results are summarized in EPARSable I)). Each Al has
sity, are also summarized in Table Il on EPAPS, where theour H tetrahedrally coordinated, which forms the complexes
strongest peak €30 while the ratio to the second strongest of AIH, with Al-H bond lengths of 1.60-1.61 A. On the
peak isl(202)/1(230)=50.10%. This monoclinic structure other hand, LI is ionic bound to AlH , where the Li-H

is a modification of the monoclinic LIiAl structure and de- distance is 1.73 A. The total energy per formula unit is
noted asP2,/c LiAIH 4, which is predicted to have lattice higher by only 3.7 kcal/mol than that for the orthorhombic

parameters structure. Therefore, we expect that the hexagonal structure
a=48 A b=76 A, c=78 A can transform to the orthorhombic structures at a moderate
condition. When going from the hexagonal structure to the

with «=90.0°, B=110.6°, y=90.0°. orthorhombic structure, the structure preserves the wurtzite

These parameters are in a close agreement with experiment}P€ arangements of the (Al and Li" ions during the
resultd?® and theoretical resulf€. The atomic positions are Phase transformation and it expands along hexaganal
also given in EPAPSsee Table Il, in which each Al has (orthorhombica) and contracts in the basal plane.

four H tetrahedrally coordinated to form AJHthat has three

Al-H bond lengths of 1.60 A and one Al-H bond length of C. LizAlHg

1.62 A. On the other hand, TTi is ionic bound to A, The LizAlH structure is described in terms of thre€' Li
where the distance between Li-H is 1.89-1.92 A. In add't'onmolecules surrounding eac{fAIHG]‘3 molecule. First. we

the predicted band gap of 4.6 eV indicates that this hydride i§earch for the structure consistent with the experimental

an insulator. _ XRD datd [ICDD (LizAlHg), 27-283] and find that the
Figure 3c) shows the LIAIH, structure of space group  gjmjated XRD patterngTable V on EPAPS from mono-

L1,. .The predicted lattice parame.ters and atomic POSItioNginic structure of space group2/m as shown in Fig. )

for this L_10 phase are summarlzeq n EPAB&bIe I). Each are in a close agreement with experimental result. The pre-

Al has eight H octahedrally coordinated with the Al-H bond dicted strongest two reflections af#ll) with 26=21.53°

lengths of 1.85 A while the Li-H bond distances are 1.91 A'and (11-1) with 26=21.53° and!(11-1)/(111)=75.5%

On the other hand, we find that the total energy per formul@,\,h”e the third strongest peak 920 with 26=21.28° and

unit is 30.7 kcal/mol higher than that f<5r2_1/_c. _ 1(020)1(111)=50.05%. The optimized structure has lattice
EPAPS(Table Il) summarizes the optimized geometries parameters

and atomic positions from orthorhombispace group of No.

62) LiAIH , [see Fig. &)] in which each Al has four H a=80 A, b=83 A c¢=57A

tetrahedrally coordinated to form a stable complex of AtH ; _ o _ 0 _ °
th «=90.0°, B=93.4°, y=90.0°,

with Al-H bond lengths of 1.59-1.61 A. However, we find Wi« A Y

that the total energy is 8.8 kcal/mol per formula unit higher  p=0.949 gcm 3,
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FIG. 6. Simulated x-ray and neutron diffractions fré®n3 LizAlH ¢ using a Cu radiation of 1.542 A and a neutron source of 1.555 A, respectige¥RD
and (b) ND. Diffraction angles are 2values.

which agree well with experimental lattice parametems  results appear to support two experimental findings in given
around 440 K above, that is, at 295 K the most stable phase fgAlH ¢ is
_ -~ _ for the hexagonal structurspace grougR-3) as shown by

a=7.9 A, b=81A =57 A Brink et al, but at 495 K the most stable phase is for the
with «=90.0°, B=91.9°, y=90.0°, monoclinic structuréspace groug?2/m) as shown by Chen

3 et al. The simulated XRDs at 295 K and 493 K are also
p=0.994 gcm™. consistent with the experimental data. However, our calcula-
We also perform full optimizations to calculate the ge-tions show that the XRD peaks from Chenal. could not be

ometries and atomic positions for the hexagonal structuréeproduced from their proposed structure W@, /m sym-

[see Fig. &)]. Brink and Hauback have recently reported metry as shown in Fig.(&).

that their LiAID ¢ structure at 295 K has the hexagonal sym-

metry corresponding to space group of No. 148. We find that

the simulated ND1.kI patt_erns[seg Fig. 6o)] from this s_truc- D. LiH and LiAIH

ture agree well with their experimental data. The simulated

strongest two ND reflections from this hexagonal structure ~ Figure 7c) shows the LiH structure of the “NaCl” type.

are (032 with 20=45.72° and(230) with 26=45.95° and  This structure can be thought of as'Lions stabilizingH ~

1(230)/1(032)=99.5%, the third strongest pe&k3-3 with ~ anions and has predicted lattice parameters

20=71.44° andl(33-3)/1(032)=72.47%, and the fourth )

strongest peak202 with 26=39.68° andl(202)/1(032) a=b=c=8.05 A with a=pg=y=90.0°.

=62.39%. In addition we find that the calculated energy pe

formula unit & 0 K is more stable than that for the mono-

clinic LisAIHG structure_. Next, we remove the symmetry a=b=c=8.13 A with a=g=y=90.0°.

constraints corresponding to space grol®m and R-3

and then perform molecular dynamic simulations to see hovwFigure 7b) also shows the predicted structure for LiAlH,

the energies can change as the temperature increases. We figHich is considered as a rhombohedra distortion of B32 LiAl

that at 295 K the structure having originally been in a mono-with a shift of Li atoms by 0.1 A. The predicted lattice pa-
clinic symmetry is 1.6 kcal/mol per formula unit higher than rameterq0 K) are

that in a hexagonal symmetry, but it becomes more stable by
3.3 kcal/mol per formula unit at 439 K. Consequently, these a=7.1 A, b=c=6.1 A with a=8=y=90.0°.

These parameters compare to the experimentaftata

FIG. 7. Optimized structures for dihydride and mono-
hydride intermediatesia) LiAIH ,, (b) LiAIH, and (c)
LiH, Li and H atoms in gray are shown in large and
small spheres, respectively, while Al atoms are shown
in dark gray.

@ ® ©
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E. Vibration frequencies tion and find that the predicted value of 6.9 kcal/mol is in a

The vibration frequencies are necessary to determinglos_e_ agreement_wnh 6.6 kcal/mol b_y DYmoea"?"-Sl In
zero-point corrections and the temperature dependence of tﬁéjd't'on the reaction pathway connecting LiAlkd LizAlH e
thermodynamic properti€&.In addition it is useful for in- IS determined at the KMLYP/6-32G(d,p) level of theory.
vestigating such properties as thermal expansion and therm&'€ Phase of Eq. 1 occurs through a five-step mechanism as
conductivity. Figure 8 shows the vibration spectra calculatednOWn in Fig. 9. The first and second steps of this decompo-
from the most stable phases of LiAl, LiH, JAlHs, and  Sition are conversion of three LiAlHmolecules to one

LiAIH , compounds. LizAlHg plus two AlH; molecules, which occur through the
stepwise mechanism involving two sequential hydrogen
F. Dehyriding reactions transfers as shown in Figs(ed—-9(e). We find the first hy-

) ) o drogen transfer of this sequential reaction to proceed with an
Table | summarizes the thermodynamic stabilities for de- .ty ation barrier of 8.6 kcal/mdlwithout zero-point correc-
composition  reactions. First, thermal decomposition 0fi,no and the formation of a five H coordinated Al interme-
LIAIH 4 can occur through the two possible reactions: diate to be endothermic by 0.2 kcal/mol. Then, the second H
LiAIH 4— 1/3LisAlH g+ 2/3Al+H,, (1)  migrates from LiAlH, to this five H coordinated Al, which
eventually produces one 4AlH4 and two AlH; as shown in
Fig. 9e). We calculate the barrier of this reaction to be 8.1
Chenet al® showed that the first reaction proceeds aroundkcal/mol relative to the LiAlH. Therefore, the overall acti-
165 °C and it liberates 5.3 wt. % of hydrogen. We predict thevation barrier per formula unit relative to the initial LiAJH
first reaction to be endothermic by 14.1 kcal/mol, while thestructure calculated at the KMLYP/6-31G(d,p) level of
second reaction is endothermic by 17.4 kcal/mol. We alsdheory is 8.6 kcal/mol and the formation of ongAIH ¢ plus
determine the Gibbs free energy at 298 K for the first reactwo AlH; is endothermic by 4.2 kcal/mol. The next three

LiAIH 4— LiAIH 5+ H,. 2)

35.6
(34.3)

FIG. 9. Reaction energies for decomposition mechanism of LiAtHLi;AlH¢: (a) the initial LIAIH 4, (b) the transition state of the first decompositi¢c),
the intermediate with one Aliigenerated(d) the transition state of the second decompositienthe intermediate with two Alkland one LiAlH ¢ generated,
(f) the transition state for the firstHlesorption,(g) the intermediate with one Hgenerated(h) the transition state for the second Hesorptioni) the
intermediate with two Kl generated(j) the transition state for the third,Hlesorption, andk) the final Li;AlHg with Al and H, molecules generated. Li and
H atoms in gray are shown in large and small spheres, respectively, while Al atoms are shown in dark gray. Energies are in kcal/mol. Not to scale.
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FIG. 10. Reaction energies for decomposition mecha-
nism of LizAlHg to LiH: (a) the initial Li;AlHg, (b) the

t‘ @ ‘%. transition state of the first decompositiafe) the one

o H-bridged intermediate generate¢) the transition
U state of the second decompositiofie) the two
115.8] H-bridged intermediate(f) the transition state for the
first H, desorption(g) the four H-bridged intermediate,
(h) the eight H-bridged intermediaté,) the transition
state for the second Hlesorption, andj) the final LiH
with Al and H, molecules generated. Li and H atoms in
gray are shown in large and small spheres, respectively,
while Al atoms are shown in dark gray. Energies are in
kcal/mol. Not to scale.

steps connecting LiAljl to LizAlHg further convert one kcal/mol at the PW91 method using the cutoff energy of 270
LizAlHg plus two AlH; to one LiAIHg plus two Al and  €V. How this transport occurs and what role the catalysts
three H as shown in Figs. @) —9(k). The first step to form play are not known at this point. Our calculated 14.1 kcal/
the H-bridged intermediate plus one HesorbedFig. Ae)] mol enthalpy for Eq. 1 suggests that the phase transformation
proceed with an overall activation barrier of 19.2 kcal/molof P2;/cLiAIH 4 to R-3 LisAlHg could also occur via the
and endothermic by 15.7 kcal/mol per formula unit relativeintermediate phases &fnmaLiAlH , and Pm-3mLiAIH 4.

to the initial LiAIH,. Then, B desorbs to produce another Vajeestonet al’® have recently shown thaP2,/c trans-
H-bridged intermediate as shown in Figi)9 We find an  forms toPnmaLiAlH , at 33.8 GPa. However, it is still un-
activation barrier of 38.2 kcal/mol per formula unit relative clear whether the phase transformationsRafmaLiAlH 4

to the LiAlH,, which reduces to 36.9 kcal/mol with zero- through Pm-3mLiAIH 4 to R-3 LizAlHg are induced at
point corrections. Next, the bridged H bonds to its neighbormoderate pressures. Consequently we encourage the further
ing hydrogen atom to produce anothes.H his H, desorp- detailed study to know how the pressure-induced reaction
tion proceeds with an activation barrier of 34.3 kcal/mol withmechanism may differ from our proposed temperature-
respect to the initial LIAIH. Consequently, these five reac- induced reaction mechanism of LiAjHo LizAlHg.

tion steps produce three,Hand two Al plus one LjAIH Next, thermal decomposition of 4AlHg can occur via
from three LiAlH,. Thus, using the computed partition func- the two possible reactions as

tions for the reactants and the transition state the reaction rate

k of the canonical rate equatithis determined by LisAlHe—3LiH +3Al+3/2H,, )
kT —AE Li ;AIH g+ 2 Al— 3LIAIH + 3/2H, . (5)
k:F(T)i QTS eXF{ 0), (3) 3 6 H2
h QaQs KaT

The first reaction proceeds around 195 °C, and it liberates 2.6
wherel'(T) is the thermal tunneling coefficient which can be wt. % of hydrogen. The first reaction is predicted to proceed
obtained by the same scheme in the work of the previoushrough a four-step mechanism as shown in Fig. 10. In the
study!® Qg is the partition functional for the transition state, first step, two Li atoms accept one H to form a stable
Qa andQg are the partition functions for the reactaftand  H-bridged intermediat¢see Fig. 1(c)] from AlHg. Like-

B, respectively, and\E, is the barrier height. The resulting wise, in the second step, three Li also play a critical role to
dependence of solid state transformation from LiAlkd  stabilize the second H atom transferred from Alby form-
LisAlHs on temperature is given bk=1.76x10%exp ing another H-bridged intermediate as shown in FigelL0
(—36900/RT) where R is in units of 1.987/K. Since the which is exothermic by 6.18 kcal/mol per formula unit rela-
phase transition of Eq. 1 occurs through solid-state decontive to the LiAlHg. Then, the H desorption occurs through
position, one would expect that the phase transition fronthe transition stat¢Fig. 1Qf)] to form the third H-bridged
LiAIH 4 to LizAlHg, takes place locally. Thus after decom- intermediate structurgFig. 10(g)]. This reaction is predicted
position the resulting material ought to be a rather homogeto have an activation barrier of 17.8 kcal/mol at the
neous mixture of extremely small domains for each phaseKMLYP/6-31+G method, which reduced to 17.4 kcal/mol
However, the diffraction experimerftshow narrow peaks with zero-point corrections and is a rate-limiting step. As a
for product phases, indicating that these phases were preseesult, the rate of solid state transformation fromAlH g to

as relatively large crystallites, implying that there must beLiH is given by k=5.72x 10"?exp(—17 400/RT). Finally,
some long-range mechanism transporting metal species tbe H bridge intermediates combine to form ongptus two

the sites where crystallites are formed. Thus in decomposiAl and six LiH molecules, which eventually can form fcc Al
tion of LiAIH 4, Al must be transported toward the growing and fcc LiH plus hydrogen. We predict that the resulting
Al crystallites. We find that the resulting reaction for Eq. 1 isreaction is endothermic by 15.8 kcal/mol without zero-point
endothermic by 14.5 kcal/mol at the KMLYP/6-31 corrections, which compares to the experimentally proposed
+G(d,p) level of theory, which is also consistent with 14.1 enthalpies of 9.8 kcal/mdand 23.9 kcal/mot® On the other
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hand, we predict the second reaction to be endothermic by  Li,AlH g(monoclinig — 3LiH (fcc)+ Al (fec) + 3/2H, .
57.2 kcal/mol (without zero-point corrections Conse-
quently, our calculations suggest that decomposition o
LisAlHg would preferentially occur through the reaction 4.
Dehydriding of LiH through phase-separated B32 LiA
is predicted to be energetically favorable to decompositio
though LiH and Al. LiH + Al —LiAl + 3H, is endothermic by 4.6 kcal/mol.

LiH 4+ Al—LiAIH, endothermic by 4.6 kcal/mol, (6) We find that the lowest energy structure for LiAl is for the
B32 phase. Additionally, we examined alternative structure
for the phases involved in these steps.

We calculate that this reaction is endothermic by 15.8 kcal/
mol, and find that this dissociation energy compares to the
Iexperimental enthalpies of 9.8-23.9 kcal/mol. Finally, we
rFxplore thermal decomposition of LiH,

LiH +Al—LiAIH, endothermic by 13.8 kcal/mol(7)

IV. SUMMARY AND CONCLUSIONS
ACKNOWLEDGMENTS

We used density functional theory and x-ray and neutron

diffraction methods to investigate the reaction mechanismsI Th|§ resgarch W?scsupport,ad GbX\PGCene'FﬁI Motors Global
as well as the crystal structures, atomic configurations, ané ternative Proposal Cente(G ). The computa-

vibration frequencies of various possible intermediate struc'Elonal resources at the Materials and Process Simulation

tures for hydrogen storage based on LiAl hydride Systems@:enter(MSC) in California Institute of Technology and Ko-

Particular attention was paid to three consecutive decompdfaa Advanced Institute of Science and Technology have been

sition reactions involved in dehydriding of LiAIH First, we supported by grants from NSF-MRI, ARO-DURIP, and by a

determined the crystal structures for various compounds, inoUR drant from IBM. The authors would like to acknowl-
cluding LiAl, LIAIH 4, LisAlHg, LIAIH », LIAH, LiH, and edge the support from KIST(Korea Institute of Sc!ence and
Al. In each case we explored several plausible structures an‘BechnoIogy Information under “the Sth Strategic Super-

determined the lowest energy form. For LiAltdnd L AlHg computing Applications Support Program” with Dr. S. M.

there were reported XRD patterns and we find that our struc=e€ as the technical suppqrter. The use of the computing
ystem of the Supercomputing Center is also greatly appre-

tures agree well with the intensities in these patterns, in ad® q
dition to agreeing with the overall lattice parameters andated.
densities. Thus we consider that we have now established the

stable crystalline structures for these systems. 1. Schlapbach and A. Ztel, Nature(Londor 414 353 (2001.
We also considered decomposition of LiAlHhto the  2J. pettersson and O. Hjortsbetdydrogen Storage Alternatives: A Tech-
various phases. We predict that decomposition nological and Economic AssessméKFB-Deddelande 1999:27 http://
www.kfb.se/pdfer/M-99-27.pdf
LiAIH 12— ]_/3|_i3A|H6+ 2/3Al 3D. Hart, Storing and Transporting Hydrogen, E-sour¢#898, http:/
www.esources.com/hydrogen/storage.html
+H, is endothermic by 14.1 kcal/mol, 4A. C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang, D. S. Bethune,
and M. J. Heben, Natur@g_ondon 386, 377 (1997).
while the alternative reaction SM. Hirscher, M. Becher, M. Haluskat al, Appl. Phys. A: Mater. Sci.
Process72, 129 (2001).
LiAIH ,—LiAIH 5 8p. Chen, X. Wu, J. Lin, and K. L. Tan, Scien285, 91 (1999.
’G. D. Berry and S. M. Aceves, Energy Fudlg 49 (1998.
+H, is endothermic by 17.4 kcal/mol. 8A. T.-Raissi, A. Banerjee, and K. Sheinkopf, Proceedings of the 31st Inter-

) ) ) society Energy Conversion Engineering Conference, 1996.
Thus we agree with the conclusion of the experiments thatJ. Chen, N. Kuriyama, Q. Xu, H. T. Takeshita, and T. Sakai, J. Phys.
decomposition of LiAIH leads to formation of IljAIHs. ~ Chem. B105 11214(_2301)- y s Kiekshus. Ph
This reaction is found to proceed through a five-step mecha- ;'e\\iajgzsgoznizpioi?\z%no:;an' R. Vidya, H. Fietiand A. Kjekshus, Phys.
nism with an overall activation barrier of 36.9 kcal/mol. The 1p Vajees{m P. Ravindran, A. Kjekshus, and H. FigjMahys. Rev. B9,
first and second steps convert three Lijliolecules to one  020104(2004.
LisAlHg plus two AlH; molecules, occurring through two izg- E' ﬁfc’rgl, Physd \Ffve"l-( B;O' %953%222-8864(1%4
sequential hydrogen transfers with an overall barrier of 8.64,y, kot ard L 3. Sham ghysy;am AL133(1965,
kcal/mol. The third, fourth, and fifth steps connectings; p. perdew and Y. Wang, Phys. Revd§ 13244(1992.
LiAIH 4 to LizAlHg further convert one I5AIHg plus two 133 K. Kang and C. B. Musgrave, J. Chem. Phy5 11040(2001).
AlH; to one LiAlHg plus two Al and three B, occurring - Vanderbilt, Phys. Rev. B1, 7892(1990.
. . > . . H. J. Monkhorst and J. D. Pack, Phys. Revl® 5188(1976.
with an activation barrier of 38.2 kcal/mol per formula unit 19\, 5 Gijan. J. Phys.: Condens. Matter 689 (1989.
relative to the LiAlH,;, which reduces to 36.9 kcal/mol with 20\, ¢. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos,
zero-point corrections. Next, we examined the thermal de;lReV- Mod. Phys64, 1045(1992.
i ; ; ; ; i B. Delley, J. Chem. Phy€2, 508 (1990.
composition mechanism OT 4AIH, into fcc .LIH with a si 22M. J. Frisch, G. W. Trucks, H. B. Schleget al. caussiano3 (Gaussian
multaneous phase separation of fcc Al, which occurs through ¢ pittsburgh, PA, 2003
a four-step mechanism with an activation barrier of 17.42Mm. J. Frisch, J. A. Pople, and J. S. Binkley, J. Chem. PI8gs.3265
kcal/mol for the rate-limiting step. In the first and second_ (1984.

; ; 4A. J. Howard, G. L. Gilliland, B. C. Finzel, T. L. Poulos, D. H. Ohlendorf,
steps two Li atoms accept two H atoms to form H bridged and F. R. Salemme, J. Appl. Crystallogf), 383 (1987,

intermediate from Alkg . Then, tVVO sequgntial Fdesorption 2y J, Treacy, J. M. Newsam, and M. W. Deem, Proc. R. Soc. London,
steps are followed, which result in fcc LiH plus Al ang Hs Ser. A443 499(199)).

Downloaded 23 Nov 2004 to 143.248.114.35. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 Hydrogen storage in LIAIH, 10633

263ee EPAPS Document No. E-JCPSAB-121-510439 for a complete list 0f°X.-Q. Guo, R. Podloucky, and A. J. Freeman, Phys. Rev(B 2793

optimized structural parameters and energies for LiAl, LIAHLi;AlHg, (1989.
LiAIH ,, LiAIH, LiH, Al compounds, and H molecule. Simulated powder 2°B. C. Hauback, H. W. Brinks, and H. FjellgaJ. Alloys Compd346, 184
x-ray and neutron diffraction results forP2,/cLiAlH, and (2002.

P2/mLizAlHg from this work are also available. A direct link to this sz W. Brinks and B. C. Hauback, J. Alloys Comp854, 143 (2003.
document may be found in the online article’s HTML reference section.” 1- N. Dymova, D. P. Aleksandrov, V. N. Konoplev, T. A. Silina, and A. S.

The document may also be reached via the EPAPS home{patye// Sizareva, Russ. J. Coord. CheR0, 263 (1994.
www.aip.org/pubservs/epaps.himbr from ftp.aip.org in the directory 323, Glassstone, K. Laidler, and H. Eyringhe Theory of Rate Processes
/epaps/. See the EPAPS homepage for more information. (McGraw-Hill, New York, 1941, Chaps. 1 and 4.

27). Barin, O. Knacke, and O. Kubaschewskhermochemical Properties of 33V. I. Mikheeva and S. M. Arkhipov, Russ. J. Inorg. Chef2, 1066
Inorganic Substance&Springer, Berlin, 1971 (1967).

Downloaded 23 Nov 2004 to 143.248.114.35. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



